This paper describes the design, development and performance of a lightweight precision gimbal with dual-axis slew capability to be used in a closed-loop optical tracking system at Lawrence Livermore National Laboratory-LLNL. The motivation for the development of this gimbal originates from the need to acquire and accurately loacalize warm objects (T-500 K) in a cluttered background. The design of the gimbal is centered around meeting the following performance requirements:
INTRODUCTION
There are many terrestrial and non-terrestrial applications in which the ability to point camera assets on demand is required. Some of these terrestrial applications include tracking forest fires, monitoring pollution spills and tracking criminal activity. Aerial platforms which permit this monitoring include Unmanned1 and Manned Aerial Vehicles-(UAVs, MAy). Non-terrestrial applications which require the ability to point on demand include satellite tracking for science and defense objectives.2 The LLNL dual-axis gimbal discussed in this paper is intended to address these objectives. LLNL has leveraged experience gained in developing space-qualified cameras for the Clementine Program to aid in the design of a space-qualified dual-axis gimbal which can point accurately and on demand. As in the case of the Clementine sensors, commercial-grade components were used to take advanteage of the latest technology and reduce costs but were screened to standards for space applications to ensure that they would operate successfully in a LEO environment. 3 The environmental specifications used to provide guidance for designing the gimbal mechanical and electrical components are summarized below for temperature, radiation and quasi-static launch vehicle loads:
Temperature:
•gimbal mirror operating temperature-(-43 to 10 deg C 5 deg C)
•on-orbit operating temperature for electronics mounted on payload bench-(O to 10 deg C) Radiation:
•must tolerate 20 krads total dose consisting of trapped protons, trapped electrons, Cosmic rays, and solar protons (analysis parameters include: 60 mit Al; absorption in Si; 400 km altitude orbit at 45 degree inclination) In addition to these environmental performance specifications, the gimbal also had to meet specific pointing/stewing performance requirements for tracking warm objects against a cluttered background. These pointing requirements are discussed next in section 2.0. Section 3.0 discusses key aspects of the gimbal design that were essential for meeting the environmental specifications and performance requirements of section 1.0 and 2.0 respectively. Preliminary laboratory using the prototype gimbal results are discussed in section 4.0.
GIMBAL PERFORMANCE REQUIREMENTS
Pointing and slewing requirements are driven by several system-level factors which begin with the top level mission requirements. In this case, the objective was to acquire and localize warm objects as accurately as possible. System parameters which affect this requirement include the satellite orbit-(altitude, inclination, range to target), the tracking sensor's characteristics, the relative Line-of-Sight (LOS) knowledge, and the hand-off requirements for transferring the track data off to other assets. In general, requirements for tracking are that the satellite's sensor must have the target in its field-of-view (FOV) and the system software must be able to locate the target when it is in the sensor's FOV to some level of accuracy.
A generic set of 1-sigma mission requirements (see Fig. 1 ) were used to help fold down specific requirements for the lightweight gimbal design discussed in this paper. This set is based on several proposed warm body tracking experiments and convergence of various Kalman filter designs on relative target position and velocity under mono and stereo satellite observation. The parameters used to help define these generic mission requirements are summarized below in Table 1 Table 1 : Parameters used to define generic mission requirements for warm-body tracking.
The LOS pointing requirements follow from the general mission requirement to track warm bodies to some level of accuracy in position and velocity. In addition to meeting the pointing and slewing requirements for mission objectives, this gimbal had to be lightweight-(<5 kg including electronics) and compact. 
DUAL-AXIS GIMBAL DESIGN
The gimbal design displayed in Figure 3 evolved from an attempt to meet the mission objectives just discussed. This section describes various features of the gimbal and the rationale for their selection. 
Gimbal Material Selection
To meet the environmental, LOS pointing and overall mission requirements, the gimbal had to be lightweight and capable of conducting heat away from the polished nickel plated mirror. The low mode structural resonance of greater than 600 Hz demanded a material with a higher modulus. After careful 
Gimbal Mirror
As stated above the commercial grade S200F Beryllium was also chosen as the base material for the gimbal mirror whose design is depicted in Figure 4 . In this figure the elevation axis passes through the center of mass of mirror and is parallel to its minor axis. An elliptical shape provides greater area to wide FOV cameras and to distribute heat. In addition to having good stiffness-to-weight and thermal conductivity properties Beryllium also has an important use in infrared optics. At medium to long-wave infrared wavelengths, Beryllium has a reflectivity on the order of 99% of the incident intensity. This enables Beryllium to be used in many remote deep-space military applications.
Transducer Selection Elevation Axis
A capacitive pickoff sensor was selected for angular measurement about the elevation axis because of its high resolution('-1 .tradian), compact size and weight-(< 45 grams). 
Actuator Selection Elevation Axis
The elevation axis servo uses a custom IxB two magnet voice coil type actuator displayed in Figure  6 . The low mass component of this actuator is the coil and is mounted to the mirror interface bracket. This mounting prevents optical distortion and reduces heat conduction to the mirror. The stator which corresponds to the larger mass element is mounted directly to the gimbal fork. The centering of the elevation axis actuator about the azimuth axis reduces the torque required by the azimuth axis servo.
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Aziniuth Axis
The azimuth axis servo is a custom design consisting of a two pole torroidally wound brushless dc motor. This design was chosen to minimize hysterisis drag torque at the expense of weight compared to a multipole dc torquer with a stator wound on stacked laminations. Some simplicity was gained through the use of a conventional amplifier as opposed to the added electronics required to commute the windings of a multipole machine. The azimuth axis was supported using a duplexor pair of angular contact bearings at one end of the trunion axis and a single floating bearing at the other end.
Bearings
An important feature that has been incorporated into the gimbal design is the use of custom bearings for supporting the gimbal mirror. The bearings are self-aligning, exhibit low friction and provide high load capability.
Gimbal Weight Summary
The mechanical and electrical weight breakdown for all components associated with the gimbal design are summarized in Table 3 . As indicated by their weight, rotating components of the azimuth axis comprise approximately 40% of the overall mechanical weight of the gimbal whereas rotating components of the elevation axis servo make up less than 18% of the overall mechanical weight. The remaining weight can be attributed to stationary parts like the azimuth axis motor stator and the support structure for mounting the gimbal to the payload optical bench. The electronics which includes preamplifier boards, servo control boards and power conditioning boards for the elevation and azimuth axis SPIE Vol. 2468 / 267 4.0 GIMBAL SLEWING PERFORMANCE Upon completion of the design and fabrication phase of the prototype gimbal, several laboratory tests were conducted to determine its ability to meet initial performance requirements. These tests involved calibration and responses to closed-loop step and tracking commands. To conduct these tests, a test stand was configured to mount the gimbal and a 256x256 MWIR camera (FOV =5.57 degrees) was employed. A computer workstation served as the host for sending commands to the gimbal microprocessor and for processing digital image data from the camera. The components for this test setup are depicted in Figure 7 .
The servo control block diagrams of the elevation and azimuth axis are displayed in Figures 8 and 9 respectively. Notice that both control loops contain the option to program feedforward acceleration and Azimuth range = 6000 to 60000 counts
Step size = 400 counts 1.10 deg 0.0192 radIan Read interval = 5Oms
Step Response
To illustrate the response of the system in each axis, a step command in angle was used as input to each individual axis. The azimuth response for such a command is displayed in Figure 10 for a change in angle of 1.10 degrees. The y-axis of this plot is listed in terms of counts, where 1-count equals approximately 48 prad which corresponds to the Quantization level of the azimuth angular range.
Notice that the total step and settle time is about 0.5 seconds using this command input. There is a 50% overshoot as the azimuth servo loop attempts to track the command. 
Laboratory Target Tracking
To simulate the target tracking capability of the camera/gimbal system displayed in Figure 7 , a linear rail was constructed to guide a small battery powered flashlight at a fixed elevation back and forth in front of a black background. The linear rail system was located at a height of 4 feet and a distance of approximately 20 feet from the closest point of approach to the camera/gimbal mount assembly. A variable speed DC motor was used to drive the linear motion of the flashlight via two sets of pulleys connected to the motor through a taut rope. At the maximum setting the DC motor could drive the battery powered flashlight at a speed of 2 feet/sec. At the closest point of approach this corresponded to a simulated angular rate of 0. 1 rad/sec. The speed setting and target direction on the DC motor had to be manually operated and was not part of the closed-loop optical tracking system.
The 10-brightest pixel centroiding algorithm with a set threshold level was used to track images from the flashlight target at a 10 Hz rate. The gimbal was then commanded to track this hot target about the center of the camera CCD pixel array. Results from preliminary tests of this system are displayed in pixel coordinates in Figures 12 and 13 for multiple passes of the target back and forth across the black background. At the point where reversal of direction occurs, slippage of the rope drive and deceleration/acceleration of the target cause the tracking system to momentarily lose center track as the gimbal attempts to catch up with the accelerating target. At these occurrences the gimbal performs a search and relocates the target to continue tracking. Notice that further along the rail the gimbal locates and tracks the target successfully. Because the flashlight target source fills several pixels in the camera array, the gimbal track tends to jump around the array centerpoint of (128, 128).
The measured performance of the gimbal is summarized in Table 4 below. Deviations from the desired performance requirements of Section 2.0 can be attributed to the choice of a space-rated 16 bit converter for the azimuth channel in lieu of an 18 bit converter. Also the measured acceleration was lower because of the extra mass needed to protect the mirror in the laboratory environment. 5.0 SUMMARY LLNL has developed a lightweight space-borne gimbal which can slew on demand both open loop and closed loop. The gimbal supports current TMD objectives but can also be used for other space and airborne applications. The gimbal has been operated in both search and track modes and performs adequately. Minor improvements are needed in the elevation axis to improve accuracy. Also tests on real targets which are intended to fill only a pixel of the camera would further demonstrate the performance of the system. Further laboratory tests are required to accurately characterize individual components of the gimbal. Time (minutes) November 15, 1994 
